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Insulin-dependent GLUT4 
trafficking is not regulated by 
protein SUMOylation in L6 
myocytes
Ruth e. Carmichael3, Kevin A. Wilkinson2 & tim J. Craig1
Type-II Diabetes Mellitus (T2DM) is one of the fastest growing public health issues today, consuming 
12% of worldwide health budgets and affecting an estimated 400 million people. One of the key 
pathological traits of this disease is insulin resistance at ‘glucose sink’ tissues (mostly skeletal muscle), 
and this remains one of the features of this disease most intractable to therapeutic intervention. Several 
lines of evidence have implicated the post-translational modification, SUMOylation, in insulin signalling 
and insulin resistance in skeletal muscle. In this study, we examined this possibility by manipulation 
of cellular SUMOylation levels using multiple different tools, and assaying the effect on insulin-
stimulated GLUT4 surface expression in differentiated L6 rat myocytes. Although insulin stimulation of 
L6 myocytes produced a robust decrease in total cellular SUMO1-ylation levels, manipulating cellular 
SUMOylation had no effect on insulin-responsive GLUT4 surface trafficking using any of the tools we 
employed. Whilst we cannot totally exclude the possibility that SUMOylation plays a role in the insulin 
signalling pathway in human health and disease, our data strongly argue that GLUT4 trafficking in 
response to insulin is not regulated by protein SUMOylation, and that SUMOylation does not therefore 
represent a viable therapeutic target for the treatment of insulin resistance.
Type-II Diabetes Mellitus (T2DM) is one of the most pressing public health concerns of modern times, with alarm-
ing increases in incidence shown in every country for which reliable records exist. The increase in T2DM is most 
stark in rapidly developing economies, and closely associated with a transition to a highly calorific, western-style 
diet1. T2DM is a chronic and generally progressive failure of blood glucose homeostasis, resulting in hyperglycaemia 
and many serious complications, including increased risk of cardiovascular disease, diabetic retinopathy, kidney 
failure and lower limb amputations. Globally, the treatment and management of T2DM consumes over 12% of the 
total health expenditure, and this figure is predicted to rise2. Despite the gravity of this situation, much is still not 
understood about the pathogenesis of T2DM, in part due to the largely asymptomatic presentation of the prediabetic 
state. However, the main pathological defects in T2DM are generally accepted to be a lack of insulin secretion from 
pancreatic beta cells3 and insulin resistance at insulin-responsive tissues4, e.g. liver, muscle and fat.
Insulin is a critical hormone for the regulation of blood glucose levels. After ingestion of food, a rise in blood 
glucose levels triggers the release of insulin from pancreatic beta cells, where it acts on ‘glucose sink’ tissues, most 
notably skeletal muscle, in order to remove glucose from the blood. 80% of insulin-dependent blood glucose 
uptake is mediated by skeletal muscle cells, and a failure of this process is thought to be one of the earliest patho-
logical events in the development of T2DM. Binding of insulin to its receptor tyrosine kinase initiates a signalling 
cascade (Fig. 1), the end result of which is translocation of the glucose transporter, GLUT4, to the surface of myo-
cytes, permitting glucose uptake. The pathology of insulin resistance is complex and incompletely understood, 
however it is thought that, at least in part, the build-up of fatty-acid derived second messengers in muscle, adipose 
and liver cells inhibits the intracellular signalling pathway downstream of the insulin receptor4–6.
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Several studies have also demonstrated that components of the insulin signalling pathway, including PTEN7,8 
and Akt9,10, are subject to post-translational modification by the small ubiquitin-like modifier (SUMO, a 97 
amino acid peptide), a process termed SUMOylation11,12. This modification is analogous to ubiquitination, with 
nascent SUMO peptides (paralogues SUMO1, or SUMO2/3) being first matured by SUMO-specific proteases, 
termed SENPs, activated by an E1 enzyme complex (consisting of SAE1 and SAE2 in mammals), and conju-
gated to substrates via Ubc9, the only SUMO E2 ligase. Most SUMO deconjugation is also catalysed by SENP 
enzymes, of which there are 6 isoforms of varying cellular distribution. SUMOylation has a well-established 
role in the regulation of nuclear processes, including chromosome segregation and transcriptional regulation13, 
however several recent studies have demonstrated diverse extra-nuclear roles for this modification, most notably 
in vesicle trafficking in neurotransmission14–24. With regard to the insulin signalling pathway, Akt and PTEN 
SUMOylation has been suggested to regulate their activity8,9. Furthermore, the key SUMO conjugation enzyme, 
Ubc9, has been shown to regulate the turnover and targeting of GLUT4 to insulin-responsive storage compart-
ments in adipocytes25. There have also been several reports that SUMOylation levels and the levels of critical 
SUMOylation enzymes are altered in diseases such as Alzheimer’s Disease and T2DM, suggesting dysfunction 
of the SUMOylation system could be pathological19,26. Indeed, one study has demonstrated a reduction in levels 
of both SUMO paralogues and Ubc9 in the muscles of patients with advanced insulin resistance27. There is also 
evidence that SUMOylation is involved in fat metabolism in skeletal muscle28,29, providing further links between 
this post-translational modification and insulin resistance. Taken together, these lines of evidence present the 
possibility that changes in SUMOylation levels in T2DM could aberrantly affect insulin signalling and therefore 
contribute to skeletal muscle insulin resistance.
In order to investigate this, we manipulated SUMOylation levels in several different ways in differentiated rat 
L6 myocytes, using a lentiviral transduction system, and assayed the effect on insulin-dependent GLUT4 surface 
trafficking. To our surprise, and in contrast to all previous studies on the effect of SUMOylation on vesicle traf-
ficking events, we found no evidence that changes in SUMOylation levels had any effect on GLUT4 trafficking 
to the cell surface in response to insulin stimulation. We therefore conclude that this pathway is not regulated 
by protein SUMOylation under the conditions we have used and, by extension, it is unlikely that alterations in 
protein SUMOylation play any role in the induction of skeletal muscle insulin resistance.
Results and Discussion
SUMOylation by SUMO1 is reduced in L6 myocytes in response to insulin stimulation. In order to 
first assess whether insulin signalling in skeletal muscle cells interacts with the SUMOylation pathway, we exposed 
differentiated L6 myocytes to 100 nM insulin for 20 minutes, followed by cell lysis and resolution on SDS-PAGE gels. 
Western blot analysis was then conducted using densitometry of whole-cell SUMOylation by SUMO1 or SUMO2/3 
(Fig. 2A–C). We found that insulin stimulation of differentiated L6 myocytes resulted in a robust decrease in whole 
cell SUMOylation by SUMO1 but not by SUMO2/3. These data therefore indicate that the insulin signalling path-
way regulates SUMOylation, specifically by SUMO1, in differentiated L6 myocytes, suggesting that SUMOylation 
by SUMO1 potentially plays a role in the insulin signalling pathway in these cells. From results such as this it is not 
possible to determine which individual SUMO substrates are affected, however, since numerous SUMO1-reactive 
bands are decreased following insulin stimulation, these data support a general role for SUMOylation in this path-
way. Consequently, we focussed on up- or down-regulation of global SUMOylation rather than interrogating the 
role of SUMOylation of specific candidate proteins (e.g. Akt) involved in this process.
Figure 1. Schematic of the Insulin Signalling Pathway and insulin resistance. The insulin receptor is a 
receptor tyrosine kinase, which undergoes dimerisation and autophosphorylation on insulin binding. The 
phosphorylated receptor recruits and phosphorylates the insulin receptor substrate 1 (IRS-1) on tyrosine 
residues, which then recruits dimeric PI3 kinase via SH2 domains on the p85 subunit. PI3 kinase catalyses 
the phosphorylation of phosphatidylinositol bisphosphate (PIP2) at the plasma membrane to PIP3 (reversed 
by PTEN), which then recruits PIP3-dependent kinase (PDK) and Akt, allowing PDK to phosphorylate and 
activate Akt. Activated Akt phosphorylates and inactivates the Rab10 GAP, AS160, allowing sustained Rab10 
activation which plays a critical role in trafficking of GLUT4 storage vesicles (GSVs) to the plasma membrane 
and surface expression of GLUT4. High levels of free fatty acids lead to an accumulation of lipid-derived second 
messengers, e.g. diacylglycerol and ceramide, which can inhibit the pathway at several different stages.
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Overexpression of SUMO1 does not alter insulin-responsive surface expression of GLUT4. In 
order to test the hypothesis that SUMOylation by SUMO1 regulates GLUT4 trafficking downstream of insulin 
signalling in L6 myocytes, we next sought to manipulate cellular SUMOylation levels by viral overexpression 
of SUMO1. Specifically, we overexpressed the conjugatable SUMO1(GG) peptide and SUMO1(ΔGG), which 
lacks the necessary diglycine motif and therefore cannot be conjugated to substrates. Western blot analysis 
demonstrated that overexpression of SUMO1(GG) increased total cellular SUMO1 conjugation levels (also indi-
cating the specificity of this SUMO1 antibody), compared to the non-conjugatable SUMO1(ΔGG) (Fig. 3A,B). 
SUMO1(ΔGG) overexpression resulted in a dominant SUMO1-reactive band at 15 kDa, which represents free 
SUMO1, thus evidencing that the SUMO1ΔGG mutant cannot be conjugated to proteins. However, to our 
surprise, increasing total cellular SUMO1 conjugation in this manner had no measurable effect on either the 
basal or the insulin-responsive surface expression of GLUT4 as determined by cell surface ELISA (see Materials 
and Methods for details) (Fig. 3C). The insulin-induced increase in surface GLUT4 expression seen in our 
data is similar to that seen in previous studies using similar techniques30, indicating that viral infection per se 
did not affect this process. We also performed a positive control for a known SUMO1 substrate, RanGAP111, 
by SUMO1 pulldown from L6 myocyte lysates (Supplementary Fig. 2). Affinity pulldown of SUMO1 resulted 
in a RanGAP1-reactive band at the predicted molecular weight of SUMOylated RanGAP1 (Supplementary 
Fig. 2C,D). Importantly, incubation of the L6 lysate in the absence of NEM (in order to remove SUMOylation, 
Figure 2. SUMOylation by SUMO1 is reduced in L6 myocytes in response to insulin stimulation. (A) 
Representative Western blot showing whole cell SUMOylation by SUMO1 in L6 myocytes treated with vehicle 
control or 100 nM insulin. Alpha-tubulin loading control shown below. All full-length, uncropped blots are 
shown in Supplementary Fig. 1. (B) Representative Western blot showing whole cell SUMOylation by SUMO2/3 
in L6 myocytes treated with vehicle control or 100 nM insulin. Alpha-tubulin loading control shown below. 
(C) Quantification of whole cell SUMOylation by SUMO1 and SUMO2, each normalised to tubulin levels and 
expressed as a percentage of control SUMOylation levels. ***p < 0.001, one-sample t-test (n = 7 (SUMO1) and 
6 (SUMO2/3)). Error bars = standard error of the mean.
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as NEM inhibits SENPs, the deSUMOylating proteases) resulted in a shift to the predicted molecular weight 
for unmodified RanGAP1, indicating that this higher molecular weight band indeed represents SUMOylated 
RanGAP1 (Supplementary Fig. 2A,B). A similar, negative control experiment resulted in no SUMO1 affinity 
pulldown of GLUT4 reactive bands (Supplementary Fig. 3), indicating that this protein is not a SUMO substrate, 
consistent with previous studies25.
Two possible explanations for these results are: (a) protein SUMOylation plays no role in the regula-
tion of insulin-responsive GLUT4 surface trafficking in L6 myocytes; (b) overexpression of SUMO1(GG) or 
SUMO1(ΔGG) does not influence the SUMOylation of substrates specific to the insulin signalling pathway.
It is interesting to note that the changes in SUMOylation observed using the manipulation employed through-
out this study appear to differentially affect specific bands on the SUMO ladder. This has been observed in several 
previous studies (e.g.21), however there are, as yet, no reliable methods for identifying the specific SUMOylated 
proteins from assays such as these.
Figure 3. Overexpression of SUMO1 does not alter insulin-responsive surface expression of GLUT4. (A) 
Representative whole cell SUMO1 blot (above) and beta-tubulin blot (below) showing cellular SUMOylation 
levels in uninfected L6 myocytes and L6 myocytes infected with virus overexpressing either SUMO1(GG) or 
SUMO1(ΔGG). (B) Quantification of SUMOylation levels by SUMO1 in SUMO1(GG) or SUMO1(ΔGG) 
overexpressing cells, normalised to tubulin levels and expressed as a percentage of SUMOylation levels in 
SUMO1(ΔGG) expressing cells. *p < 0.05, one-sample t-test (n = 5). (C) GLUT4 surface expression assay 
in response to insulin in these cells, expressed as a percentage of control surface GLUT4 levels. *p < 0.05, 
**p < 0.01, 2-way ANOVA with Bonferroni post-hoc test (n = 5). Error bars = standard error of the mean.
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Overexpression of the SENP1 catalytic domain has no effect on insulin-responsive surface 
expression of GLUT4. In order to investigate the possibility that the methods employed in the previous 
experiment only resulted in changes to the SUMOylation of a subset of substrates, we sought to manipulate cel-
lular SUMOylation levels by other means. Therefore, we used lentiviral overexpression of the catalytic domain 
of the deSUMOylating enzyme, SENP1. We have used this strategy in several previous studies, and demon-
strated that the catalytic domain of SENP1 has a wide cellular distribution, and profoundly influences several 
different vesicle trafficking events17,21,23. Western blot analysis demonstrated a robust expression of SENP1 in 
infected cells, together with the expected reduction in SUMO conjugation seen in cells expressing SENP1 com-
pared to the catalytically inactive mutant, SENP1-C603S (Fig. 4A,B). However, once again both the basal and 
the insulin-stimulated surface expression of GLUT4 was unaffected by the SENP1 virus when compared to the 
SENP1-C603S virus (Fig. 4C).
This surprising result adds further evidence that protein SUMOylation does not regulate GLUT4 trafficking 
to the cell surface in L6 myocytes. Furthermore, it argues against a role for SUMOylation in the regulation of the 
PI3-kinase-dependent insulin signalling pathway (Fig. 1). However, there is a possibility that, once again, the 
overexpression of the SENP1 catalytic domain fails to influence substrates specific to this process.
Figure 4. Overexpression of the SENP1 catalytic domain does not alter insulin-responsive surface 
expression of GLUT4. (A) Representative whole cell SUMO1 blot (above), GFP blot (for GFP-tagged SENP 
constructs) and beta-tubulin blot (below) showing cellular SUMOylation levels in L6 myocytes infected with 
virus overexpressing either wild type SENP1 or catalytically inactive SENP1-C603S. (B) Quantification of 
SUMOylation levels by SUMO1 in SENP1 (SENP(WT)) or SENP1-C603S (SENP(CS)) overexpressing cells, 
normalised to tubulin levels and expressed as a percentage of SUMOylation levels in SENP1-C603S expressing 
cells. **p < 0.01, one-sample t-test (n = 3). (C) GLUT4 surface expression assay in response to insulin in these 
cells, expressed as a percentage of control surface GLUT4 levels. *p < 0.05, **p < 0.01, 2-way ANOVA with 
Bonferroni post-hoc test (n = 4). Error bars = standard error of the mean.
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It is interesting to note that SENP1 overexpression results in reduction of some SUMOylated bands more than 
others. This is presumably indicative that some substrates are considerably more stably or heavily SUMOylated 
than others, for example RanGAP (at just under 100 kDa). It is likely, therefore, that proteins such as this are less 
susceptible to decreases in SUMOylation upon SENP1 overexpression.
shRNA-mediated knockdown of Ubc9 does not affect basal or insulin-responsive surface 
expression of GLUT4. In order to determine whether the first two methods which we employed failed 
to affect the SUMOylation of substrates relevant to insulin signalling, we next using viral shRNA expression to 
reduce the expression of Ubc9, the sole SUMO E2 conjugating enzyme. Several studies have demonstrated that 
Ubc9 is necessary and sufficient for SUMO conjugation to substrates31,32, and genetic ablation of Ubc9 in mice is 
embryonic lethal33. We used two different shRNA sequences directed against Ubc9 (see Materials and Methods 
for details), of which sequence number 2 achieved almost complete knockdown of Ubc9 expression (Fig. 5A). 
Viral expression of this shRNA also significantly reduced cellular SUMO conjugation (Fig. 5A,B). We then com-
pared both basal and insulin-responsive cell surface expression of GLUT4 in cells infected with either this virus 
or a scrambled shRNA control virus.
Figure 5. Ubc9 knockdown does not alter insulin-responsive surface expression of GLUT4. (A) Representative 
blots of Ubc9 levels (above), whole cell SUMOylation by SUMO1 (middle), and beta-tubulin (below) in L6 
myocytes infected with virus expressing either scrambled (control) shRNA or one of 2 shRNA sequences 
directed at Ubc9. (B) Quantification of SUMOylation levels by SUMO1 in cells infected with virus expressing 
Ubc9 shRNA sequence number 2, normalised to tubulin levels and expressed as a percentage of SUMOylation 
levels in scrambled shRNA expressing cells. *p < 0.05, one-sample t-test (n = 4). (C) GLUT4 surface expression 
assay in response to insulin in these cells, expressed as a percentage of control surface GLUT4 levels. *p < 0.05, 
2-way ANOVA with Bonferroni post-hoc test (n = 4). Error bars = standard error of the mean.
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Once again, we found no differences in either basal or insulin-responsive surface expression of GLUT4 caused 
by this virus in comparison to the control virus (Fig 5C). These data are entirely consistent with the previous 
experiments. Taken together, our data demonstrate that manipulation of cellular protein SUMOylation in three 
different ways does not affect either basal or insulin-responsive surface expression of GLUT4. These experiments 
therefore strongly suggest that protein SUMOylation has no role in regulating cell surface GLUT4 expression in 
L6 myocytes, either under basal or insulin-stimulated conditions.
Conclusion
In this study, we have found evidence that manipulation of protein SUMOylation does not affect the 
insulin-dependent surface expression of GLUT4 in differentiated rat L6 myocytes. Whilst we cannot formally 
exclude the possibility that SUMOylation plays a role in regulating this process, none of the strategies which we 
employed to manipulate SUMOylation had any effect in this system. It is possible that the strategies which we 
have employed did not effectively raise or lower SUMOylation levels of all substrates, however given the variety of 
tools we have used, we consider this unlikely. We acknowledge the possibility that these negative data are unique 
to this cell line or cell type. For example, a previous study has demonstrated a role for Ubc9 in GLUT4 turnover 
and targeting25, however this study was performed in adipocytes, in which the regulatory systems may be differ-
ent. Additionally, we acknowledge that the high dose of insulin used in this study may mask any subtle effects 
of SUMOylation on insulin-dependent GLUT4 trafficking which would be apparent at lower doses of insulin. 
Finally, the myocytes employed in this study were not made insulin resistant, for example by treatment with high 
levels of saturated fatty acids. It is therefore possible that SUMOylation may play a role in the pathology of insulin 
resistance rather than under the ‘healthy’ conditions used in this study. This subject, therefore, warrants further 
investigation.
It is also possible that systems which more accurately represent human physiology would yield different 
results; indeed, differences in SUMOylation have been found in muscle tissue from patients with advanced 
T2DM, suggesting a potential role27. It is possible, however, that the changes seen in this study are a symptom, 
rather than part of the pathophysiology of T2DM, and our data support this argument. These data therefore argue 
against a role for changes in SUMOylation as a pathological factor in insulin resistance in T2DM, and suggest that 
SUMOylation does not represent a viable therapeutic target for this aspect of this disease. We fully acknowledge 
that our study, performed in rat myocytes, cannot be definitively extrapolated to human pathophysiology, and 
more research is needed in this area.
These results are therefore somewhat surprising, especially given a demonstrable effect of insulin treatment on 
SUMOylation by SUMO1 (see Fig. 2). It is possible that this result represents actions of insulin distinct from the 
surface trafficking of GLUT4, and therefore should be considered part of a different pathway or longer time-scale 
effects (e.g. on transcription), and further investigation in this area is warranted. It is also worth noting that this 
is the only vesicle trafficking event investigated so far for which the SUMOylation state of the cells appears to be 
irrelevant. This may perhaps reflect the mesodermal origin of muscle cells compared to the ectodermal origin 
of neurones and neuroendocrine cells, for which positive data have been obtained e.g.21–24,34,35. Indeed, there is 
compelling evidence from several studies that SUMOylation has a critical role in the regulation of insulin secre-
tion from pancreatic beta cells34–38, implying that defective SUMOylation may yet play an important role in the 
pathophysiological reduction in insulin secretion seen in T2DM.
Materials and Methods
Cell culture. Myc-GLUT4 expressing L6 myocytes were maintained in Minimum Essential Medium Eagle - 
Alpha Modification (alpha-MEM) supplemented with 10% foetal-bovine serum (FBS), 2 mM glutamine and pen-
icillin/streptomycin at 37 °C and 5% CO2. Myocytes were differentiated by culturing in medium containing 2% 
FBS for 7 days prior to fixation. Cells were infected with 20 µl appropriate lentivirus for 4 days (overexpression) or 
6 days (knock-down) and subsequently assayed for insulin-induced GLUT4 surface trafficking.
Molecular biology. To generate overexpression vectors for lentiviral production, constructs were 
cloned into a modified pXLG3 vector under an SFFV promoter39 using standard techniques. SUMO1(GG) 
encoded the conjugatable human SUMO1 protein after SENP maturation, whereas SUMO1(ΔGG) lacked the 
C-terminal diglycine motif required for conjugation40. GFP-tagged human SENP1 catalytic domain, and the 
catalytically inactive C603S mutant, have been previously described41. To generate Ubc9 knockdown vectors 
for lentiviral production, two shRNA sequences targeting rat Ubc9 (1: GCCTATACAATTTACTGCCAA, 2: 
TGGCACGATGAACCTGATGAA) and a non-specific shRNA control (AATTCTCCGAACGTGTCAC) were 
cloned into a modified pXLG3 vector under a H1 promoter using standard techniques.
Lentiviral production and infection. Lentivirus particles were produced in HEK293T cells maintained in 
Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS, 2 mM glutamine and penicillin/streptomycin. 
HEK293T cells were co-transfected with the requisite pXLG3 vector and MISSION lentivirus packaging plasmid 
mix (Sigma-Aldrich) using polyethylenimine. The HEK293T media containing lentiviral particles was harvested 
48 h after transfection.
SDS-PAGE and Western Blotting. For Western blotting, cells were lysed in Laemmli buffer (2% SDS, 5% 
2-β-mercaptoethanol, 5% glycerol, 62.5 mM Tris-HCl pH 6.4, 0.002% bromophenol blue), briefly sonicated to 
shear DNA and heated to 37 °C for 10 min. Proteins in cell lysates were separated by SDS-PAGE and transferred 
to nitrocellulose membrane for Western blotting. Membranes were blocked in 5% w/w non-fat milk powder 
in PBS-T. Primary antibodies used for blotting were: SUMO1 (rabbit monoclonal, Abcam ab133352, 1:1000), 
SUMO2/3 (rabbit monoclonal, Abcam ab109005, 1:1000), Ubc9 (rabbit monoclonal, Abcam ab75854, 1:3000), 
GFP (mouse monoclonal, Abcam ab1218, 1:500), alpha-tubulin (mouse monoclonal, Cell Signaling Technologies 
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clone DM1A, 1:5000), RanGAP1 (rabbit monoclonal ab92360, 1:1000), beta-tubulin (mouse monoclonal, 
Invitrogen PAS-16863, 1:3000), myc (mouse monoclonal, Cell Signaling Technologies clone 9B11, 1:1000). For 
SUMO1 pulldowns, cells were lysed in 1% triton X-100, 0.1% sodium-dodecyl sulphate, 150 mM NaCl, 25 mM 
HEPES (pH 7.4). 20 mM NEM was either included or omitted from the lysis buffer dependent on experimental 
conditions. SUMO1 pulldowns were performed as previously described24. For protein detection, membranes were 
incubated with either horseradish peroxidase (HRP)-conjugated (1:10000) or IRDye-conjugated (1:20000) sec-
ondary antibodies (both from LI-COR). HRP signal was visualised by enhanced chemiluminescence, and IRDye 
signal by fluorescence, both using an Odyssey Fc Imager (LI-COR).
GLUT4 translocation assay. L6 myocytes were incubated in serum-free alpha-MEM for 3 hours, and then 
stimulated with 100 nM insulin for 20 minutes if necessary. Cells were placed on ice, washed twice with ice-cold 
phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and 
fixed with 3% ice-cold paraformaldehyde (PFA) on ice for 10 minutes then at room temperature for a further 
10 minutes. After removing the PFA, cells were washed twice with PBS and incubated with 100 mM glycine for 
10 min to quench excess PFA. Cells were washed three times with PBS and blocked with 2% BSA in PBS for 
15 min. To detect surface myc-GLUT4, cells were incubated with anti-myc primary antibody (mouse monoclo-
nal, Cell Signaling Technologies clone 9B11, 1:1000 dilution in 2% BSA in PBS) at 4 °C for 1 hour with shaking. 
Following five PBS washes, cells were incubated with HRP-conjugated anti-mouse secondary antibody (1:1000 
dilution in 2% BSA in PBS) at 4 °C for 45 minutes with shaking. For visualisation of HRP signal (surface GLUT4 
expression), cells were washed five times in PBS then incubated with 3,3′,5,5′-Tetramethylbenzidine for three 
to five minutes. The reaction was quenched with 2 N HCl, and the absorbance at 450 nm recorded using a plate 
reader. Average background signal from cells in which the primary antibody step was omitted was subtracted 
from each well.
Data analysis. Western blot protein band intensities were quantified by densitometry using Image Studio 
software (LI-COR). SUMO conjugation was quantified by densitometry of the whole lane in SUMO blots. 
Western blot data was normalised to the loading control, and then to the appropriate control on the same mem-
brane, to account for differences between Western blots, resulting in all control values being 100%. Western blot 
data was analysed by one-sample t-test against the control value of 100%. Surface GLUT4 expression was nor-
malised to the control condition without insulin treatment, to account for different detection thresholds between 
experiments, resulting in all untreated control values being 100%. In these cases, the variance of the control was 
calculated using the variance of the raw, non-normalised values. Surface GLUT4 expression was analysed by 
2-way ANOVA using Bonferroni post-hoc tests.
Data Availability
All data generated or analysed during this study are included in this published article.
References
 1. World Health Organisation. Global report on diabetes (2016).
 2. Roberts, S., Craig, D., Adler, A., McPherson, K. & Greenhalgh, T. Economic evaluation of type 2 diabetes prevention programmes: 
Markov mzodel of low- and high-intensity lifestyle programmes and metformin in participants with different categories of 
intermediate hyperglycaemia. BMC Med. 16, 16-017-0984-4 (2018).
 3. Ashcroft, F. M. & Rorsman, P. Diabetes mellitus and the beta cell: the last ten years. Cell 148, 1160–1171 (2012).
 4. Samuel, V. T. & Shulman, G. I. Mechanisms for insulin resistance: common threads and missing links. Cell 148, 852–871 (2012).
 5. Yuzefovych, L., Wilson, G. & Rachek, L. Different effects of oleate vs. palmitate on mitochondrial function, apoptosis, and insulin 
signaling in L6 skeletal muscle cells: role of oxidative stress. Am. J. Physiol. Endocrinol. Metab. 299, E1096–105 (2010).
 6. Carnagarin, R., Dharmarajan, A. M. & Dass, C. R. Molecular aspects of glucose homeostasis in skeletal muscle–A focus on the 
molecular mechanisms of insulin resistance. Mol. Cell. Endocrinol. 417, 52–62 (2015).
 7. Wang, W. et al. PIASxalpha ligase enhances SUMO1 modification of PTEN protein as a SUMO E3 ligase. J. Biol. Chem. 289, 
3217–3230 (2014).
 8. Gonzalez-Santamaria, J. et al. Regulation of the tumor suppressor PTEN by SUMO. Cell. Death Dis. 3, e393 (2012).
 9. de la Cruz-Herrera, C. F. et al. SUMOylation regulates AKT1 activity. Oncogene 34, 1442–1450 (2015).
 10. Lin, C. H., Liu, S. Y. & Lee, E. H. SUMO modification of Akt regulates global SUMOylation and substrate SUMOylation specificity 
through Akt phosphorylation of Ubc9 and SUMO1. Oncogene 35, 595–607 (2016).
 11. Wilkinson, K. A. & Henley, J. M. Mechanisms, regulation and consequences of protein SUMOylation. Biochem. J. 428, 133–145 
(2010).
 12. Hay, R. T. SUMO: a history of modification. Mol. Cell 18, 1–12 (2005).
 13. Hay, R. T. Role of ubiquitin-like proteins in transcriptional regulation. Ernst Schering Res. Found. Workshop 57, 173–192 (2006).
 14. Luo, J. et al. Receptor trafficking and the regulation of synaptic plasticity by SUMO. Neuromolecular Med. 15, 692–706 (2013).
 15. Berndt, A., Wilkinson, K. A. & Henley, J. M. Regulation of Neuronal Protein Trafficking and Translocation by SUMOylation. 
Biomolecules 2, 256–268 (2012).
 16. Wilkinson, K. A., Nakamura, Y. & Henley, J. M. Targets and consequences of protein SUMOylation in neurons. Brain Res. Rev. 64, 
195–212 (2010).
 17. Jaafari, N. et al. SUMOylation is required for glycine-induced increases in AMPA receptor surface expression (ChemLTP) in 
hippocampal neurons. Plos One 8, e52345 (2013).
 18. Chamberlain, S. E. et al. SUMOylation and phosphorylation of GluK2 regulate kainate receptor trafficking and synaptic plasticity. 
Nat. Neurosci. 15, 845–852 (2012).
 19. Henley, J. M., Craig, T. J. & Wilkinson, K. A. Neuronal SUMOylation: mechanisms, physiology, and roles in neuronal dysfunction. 
Physiol. Rev. 94, 1249–1285 (2014).
 20. Henley, J. M., Carmichael, R. E. & Wilkinson, K. A. Extranuclear SUMOylation in Neurons. Trends Neurosci. 41, 198–210 (2018).
 21. Craig, T. J. et al. Homeostatic synaptic scaling is regulated by protein SUMOylation. J. Biol. Chem. 287, 22781–22788 (2012).
 22. Girach, F., Craig, T. J., Rocca, D. L. & Henley, J. M. RIM1alpha SUMOylation is required for fast synaptic vesicle exocytosis. Cell. Rep. 
5, 1294–1301 (2013).
 23. Tang, L. T., Craig, T. J. & Henley, J. M. SUMOylation of synapsin Ia maintains synaptic vesicle availability and is reduced in an autism 
mutation. Nat. Commun. 6, 7728 (2015).
9Scientific RepoRts |          (2019) 9:6477  | https://doi.org/10.1038/s41598-019-42574-3
www.nature.com/scientificreportswww.nature.com/scientificreports/
 24. Craig, T. J., Anderson, D., Evans, A. J., Girach, F. & Henley, J. M. SUMOylation of Syntaxin1A regulates presynaptic endocytosis. Sci. 
Rep. 5, 17669 (2015).
 25. Liu, L. B., Omata, W., Kojima, I. & Shibata, H. The SUMO conjugating enzyme Ubc9 is a regulator of GLUT4 turnover and targeting 
to the insulin-responsive storage compartment in 3T3-L1 adipocytes. Diabetes 56, 1977–1985 (2007).
 26. Anderson, D. B., Wilkinson, K. A. & Henley, J. M. Protein SUMOylation in neuropathological conditions. Drug News. Perspect. 22, 
255–265 (2009).
 27. Kampmann, U. et al. GLUT4 and UBC9 protein expression is reduced in muscle from type 2 diabetic patients with severe insulin 
resistance. Plos One 6, e27854 (2011).
 28. Koo, Y. D. et al. SUMO-Specific Protease 2 (SENP2) Is an Important Regulator of Fatty Acid Metabolism in Skeletal Muscle. Diabetes 
64, 2420–2431 (2015).
 29. Chung, S. S. et al. SUMO modification selectively regulates transcriptional activity of peroxisome-proliferator-activated receptor 
gamma in C2C12 myotubes. Biochem. J. 433, 155–161 (2011).
 30. Jaiswal, N., Maurya, C. K., Pandey, J., Rai, A. K. & Tamrakar, A. K. Fructose-induced ROS generation impairs glucose utilization in 
L6 skeletal muscle cells. Free Radic. Res. 49, 1055–1068 (2015).
 31. Gong, L., Kamitani, T., Fujise, K., Caskey, L. S. & Yeh, E. T. Preferential interaction of sentrin with a ubiquitin-conjugating enzyme, 
Ubc9. J. Biol. Chem. 272, 28198–28201 (1997).
 32. Desterro, J. M., Thomson, J. & Hay, R. T. Ubch9 conjugates SUMO but not ubiquitin. FEBS Lett. 417, 297–300 (1997).
 33. Nacerddine, K. et al. The SUMO pathway is essential for nuclear integrity and chromosome segregation in mice. Dev. Cell. 9, 
769–779 (2005).
 34. Vergari, E., Plummer, G., Dai, X. & MacDonald, P. E. DeSUMOylation Controls Insulin Exocytosis in Response to Metabolic Signals. 
Biomolecules 2, 269–281 (2012).
 35. Ferdaoussi, M. et al. SUMOylation and calcium control syntaxin-1A and secretagogin sequestration by tomosyn to regulate insulin 
exocytosis in human ss cells. Sci. Rep. 7, 248–017-00344-z (2017).
 36. Ferdaoussi, M. et al. Isocitrate-to-SENP1 signaling amplifies insulin secretion and rescues dysfunctional beta cells. J. Clin. Invest. 
125, 3847–3860 (2015).
 37. MacDonald, P. E. et al. Members of the Kv1 and Kv2 voltage-dependent K(+) channel families regulate insulin secretion. Mol. 
Endocrinol. 15, 1423–1435 (2001).
 38. He, X. et al. Both conditional ablation and overexpression of E2 SUMO-conjugating enzyme (UBC9) in mouse pancreatic beta cells 
result in impaired beta cell function. Diabetologia 61, 881–895 (2018).
 39. Carmichael, R. E., Wilkinson, K. A., Craig, T. J., Ashby, M. C. & Henley, J. M. MEF2A regulates mGluR-dependent AMPA receptor 
trafficking independently of Arc/Arg3.1. Sci. Rep. 8, 5263-018-23440-0 (2018).
 40. Feligioni, M., Nishimune, A. & Henley, J. M. Protein SUMOylation modulates calcium influx and glutamate release from presynaptic 
terminals. Eur. J. Neurosci. 29, 1348–1356 (2009).
 41. Martin, S., Nishimune, A., Mellor, J. R. & Henley, J. M. SUMOylation regulates kainate-receptor-mediated synaptic transmission. 
Nature 447, 321–325 (2007).
Acknowledgements
We are grateful to the Wellcome Trust for financial support and to the technical team at the Centre for Research 
In Biosciences at the University of the West of England for expert technical assistance.
Author Contributions
R.E.C. performed all cell culture, virus production, functional assays and Western blotting and assisted in writing 
the manuscript. K.A.W. developed the lentiviral transduction system and produced the shRNA constructs for 
Ubc9. T.J.C. directed the project, obtained funding and prepared the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42574-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
